We consider the discrepancy that exists between theories of giant cell convection, which predict typical flow velocities of order 100 m s -1 , and observations, which put an upper limit of about 10 m s _1 on the east-west velocity at the solar surface. To explain this discrepancy, we consider a model of in viscid flows within a stratified, rotating layer.
I. INTRODUCTION
The granulation and supergranulation patterns observed on the Sun are surface manifestations of convective phenomena that occur deeper down in the solar interior. The granulation pattern has a typical horizontal scale of about 2 Mm, and the associated convective flows transport energy to the surface from a depth of about 1.5 Mm (Simon and Weiss 1968) . Similarly, supergranulation cells have a size of about 30 Mm, and presumably transport energy from a depth of about 15 Mm to the level where granulation takes over. Recently, November et a/. (1981) have suggested the existence of an intermediate-scale pattern, with a horizontal scale of 5-10 Mm (mesogranulation). However, theory predicts there should also exist large-scale convective motions (" giant " cells) that pick up their energy at the base of the convective zone, which is located at a depth of about 200 Mm below the surface. Assuming the same depth-to-width ratio as for granulation and supergranulation, the horizontal size of giant cells should be about 300 Mm. From mixing-length models of the solar convection zone (Spruit 1974; Gough and Weiss 1976) , and from simple models of the flow within giant cells (Simon and Weiss 1968) , one predicts typical convective velocities of order 100 m s _1 in the deep layers.
Attempts to observe giant cell convection have not met with much success. Howard and LaBonte (1980) and LaBonte, Howard, and Gilman (1981) have used Doppler measurements obtained at Mount Wilson to place an upper limit of 10 m s _1 on the amplitude of east-west horizontal velocities of the cells at the solar equator. Using more recent data, Snodgrass and Howard (1984) derived an even more stringent upper limit of 2 ms -1 . In combination with the theoretical estimates of velocity amplitude, these observations suggest that the surface velocity of giant cells is at least a factor of 10, and perhaps even a factor 50 lower than the velocity in the deeper layers, i.e., the giant cells seem to be strongly screened off from the solar surface. Recent numerical simulations of large-scale convection (Gilman and Miller 1981; Gilman 1981 Gilman , 1983 Glatzmaier 1984 Glatzmaier , 1985a confirm the earlier estimates that the velocities in the deeper layers of the convective zone are of order 100 m s _1 . However, the models also predict that the surface velocities should be of order 100 m s _1 , which is in contradiction with observations. The question is, therefore, why do giant cells not show up at the solar surface? In a study of a possible screening mechanism, Stix (1981a, b) considered the observable manifestation of velocity disturbances in the deep layers of the convection zone. It was assumed that the turbulent eddies in the upper layers of the convective zone act as a screen which tends to smear out the velocity information from below. Stix defined a response function, R u = u(0)/u(z d \ which measures the ratio of the horizontal velocity a(0) at the solar surface, and the velocity u(z d ) at the depth z d where the disturbance originates. The ratio R u is a function of the wavenumber k of the horizontal-velocity pattern r -= -T7--<" sinh kz d
For kz d > 1, the response function drops rapidly with increasing wavenumber k. Assuming that the giant cells are located in the lower half of the convective zone, z d = 0.5D (with D = 200 Mm the convection-zone depth), the strong screening SURFACE RESPONSE OF SOLAR GIANT CELLS 829
suggested by the observations {R u < 0.1) can be reproduced if the wavelength X = In/k of the velocity pattern is less than 140 Mm. Flowever, it is unclear why the cells would have such a relatively small size. The purpose of the present paper is to get more insight into possible screening mechanisms, and to estimate the size of giant cells. Stix (1981a, b) assumed that the dynamics of the giant cell flow is dominated by turbulent viscosity effects. To see how crucial this approximation is, we take here the opposite point of view by assuming that the fluid is nearly inviscid. In § II we discuss a simplified, plane-parallel model of the convection zone, and we derive the vorticity equation for inviscid flows in this layer, taking density stratification and solar rotation into account. In § III we make the approximation that the layer is adiabatically stratified, and we obtain stationary solutions that represent convective rolls superposed on a horizontal shear flow. Following Stix (1981a, b) we define a response function that measures the amplitude of the horizontal velocity variations at the surface relative to those in the deeper layers. Despite the difference in approach, we find that the inviscid model predicts a screening effect very similar to that found by Stix.
In § § IV and V we consider the effect of an unstable entropy stratification on the velocity structure of the modes. (The magnitude of the entropy gradient is taken constant with depth.) In contrast with earlier studies, which assume rigid rotation, we allow the layer to rotate differentially with depth. Instability growth rates are determined, and the effect of the entropy gradient on the surface-response function R u is estimated. We find that the most unstable modes of convection have wavelengths less than about 150 Mm, which are also the modes that are shielded off most efficiently by the top layers of the convection zone.
Some implications for numerical simulations of convection are discussed in § VI.
II. INVISCID MODEL OF GIANT CELLS
In the equatorial region of the Sun, the most unstable modes of convection consist of rolls that are aligned with the rotation axis. To describe the velocity structure of these rolls we adopt a simplified model discussed earlier by Glatzmaier and Gilman (1981b) . We assume that the thickness of the convective envelope is small compared with the solar radius, so that curvature effects may be neglected. A Cartesian coordinate system (x, y, z) is introduced (see Fig. 1 ), with the origin located at a point on the equator, x along the longitudinal direction, j> along the latitudinal direction, and z radially inward. The top of the convection zone is at z = 0, the bottom is at z = D. The rotation vector of the reference frame is antiparallel to the y-direction, Q = -Qy (the value of Q will be specified later). We assume that the fluid velocity v(x, z, t) is independent of the y-coordinate, and perpendicular to the rotation axis (v y = 0).
Neglecting viscous forces, the equation of motion of the fluid is given by:
dt p where p and p are the pressure and density, and O is the sum of gravitational and rotational potentials. Using the thermodynamic relation TdS = dh -p~xdp (with temperature T, entropy 5, and enthalpy h), equation (2) can be written as:
In the anelastic approximation (cf. Latour et al. 1976; Gilman and Glatzmaier 1981) , the temperature T appearing in equation (3) can be replaced by its mean value T(z), and the continuity equation is written as :
with p(z) the mean density. The vorticity equation is obtained by taking the curl of equation (3) :
where co(x, z, t) is the y-component of the vorticity, and H( z ) = p{.dp/dz~\ -1 is the density scale height. The first term on the right-hand side of equation (5) describes the driving of convection by buoyancy. The second term describes the generation of vorticity by the action of Coriolis forces. It results from the density stratification of the convection zone, which causes a divergence of the fluid velocity in the upflows, and a convergence in the downflows. The Coriolis effect, acting on these diverging and converging flows, generates vorticity which tends to deflect the up and down flows in the horizontal direction. In the following we will see how this affects the velocity structure of the cells. 
III. STATIONARY FLOWS IN AN ADIABATIC LAYER
We first try to find stationary solutions of the vorticity equation. Since we neglected viscous effects, stationary solutions are possible only in the absence of buoyant driving of the flow. Therefore, as a first approximation we will assume that the convection zone is adiabatically stratified, i.e., the entropy S is taken independent of x and z. Of course, this cannot be a true representation of giant cells, since in the absence of entropy variations the cells cannot transport energy. The assumption is, however, that the velocity structure of such nondriven cells is similar to the structure of real convective eddies. The effects of a nonadiabatic stratification on the velocity structure will be discussed in § IV.
In the absence of entropy gradients, the vorticity equation (5) can be written in the form :
i.e., the so-called potential vorticity, (co -2Q)/p, is a constant of motion (Glatzmaier and Gilman 1981b) . Since the velocity pattern is assumed to be stationary, we choose our reference frame Q, to corotate with the stationary pattern. We are interested in solutions representing convective rolls, so the velocity field is written as :
i.e., the flow consists of a periodic pattern with horizontal wavenumber k and velocity amplitudes u x (z) and u z (z), superposed on a horizontal shear flow v 0 (z). Inserting equations (7a) and (7b) into the continuity equation (4), we find that the velocity amplitudes can be written in terms of a stream function/(z) :
where c is an integration constant. Together with equation (10), this yields the following differential equation for the stream function / (z) :
Since the vertical mass flux, pv z , must vanish at the top and bottom of the convective zone, the boundary conditions for f(z) are /(0) =f(D) = 0 (see eq.
[8b]). It follows that equation (14) presents an eigenvalue problem for /(z). For each wavenumber /c, solutions exist only for certain discrete eigenvalues c n (k) (n = 1, 2, ...), and the corresponding eigenfunctions f n (z) describe different modes of the velocity field, with n layers of " convective " cells above each other. In the following we will only consider the fundamental mode (n = 1), which has only a single layer of cells.
Following Glatzmaier and Gilman (1981b) , the density stratification is approximated with a polytropic model :
where p 0 is the density at the base of the convection zone.
Expression (15) is a good approximation for the deeper layers of the convection zone, where the ratio of specific heat coefficients is nearly constant (c p /c v = 5/3). Introducing a dimensionless depth variable £ = z/D, and writing c' = cp 0 2 D 2 , we obtain from equation (14):
The vorticity oe can be written as :
where
is the amplitude of vorticity fluctuations. Inserting equations (7a), (7b), and (9) into the vorticity equation (6), and assuming doe/ôt = 0, we obtain from the coefficient of sin kx cos kx :
and from the coefficient of sin kx :
Solutions to these equations represent exact solutions of the (nonlinear) vorticity equation (6). First consider the periodic component of the flow. Using This equation is integrated using a second-order Runge-Kutta scheme, starting near ¿ = 0 with the asymptotic expansion :
The eigenvalue c = c n (k) is determined iteratively from the requirement that the stream function /(z) should vanish at the base of the convection zone. The horizontal and vertical velocity amplitudes, u z (z) and u x (z), are obtained from equations (8a) and (8b). In Figure 2 the results are plotted as function of depth z in the convection zone, for four values of the wavenumber k. The curves are normalized in such a way that u x max = 1, where U x, max I s th 6 maximum absolute value of u x (z) in the range 0 < z < D. We find that, for an adiabatic layer, the maximum horizontal velocity always occurs at the base of the convection zone. Figure 2a shows that the vertical velocity profile becomes more peaked as the wavenumber increases. According to Figure 2b the horizontal velocity changes sign at z ^ 0.8D, i.e., the centers of the cells are located in the deep regions of the convective zone. Note that the horizontal velocity at the solar surface, w x (0), decreases rapidly as the wavenumber increases.
Following Stix (1981a, b) , we define a response function R u by: R u = ^(0)/^^; the solid curve in Figure 3 shows the response function plotted against dimensionless wavenumber kD. We see that low-wavenumber modes show up at the surface with undiminished amplitude (R M = 1), but for kD > 3 the response function falls off exponentially with increasing > 00 CM 00 (12), we obtain, after division by/(z):
This second-order differential equation for v 0 (z) does not represent an eigenvalue problem, because the parameter c has already been determined from equation (14), and since the fluid is inviscid there are no particular boundary conditions to impose on v 0 (z) or its derivative. This freedom of choice in the boundary conditions implies that there is no unique solution for equation (18), and so the present model cannot be used to predict a unique shear flow profile. Note, however, that the shear flow velocity does in general not vanish: v 0 (z) = 0 is a solution only if the density is constant with depth, or if there is no rotation. Note also that v 0 (z) will depend on the wavenumber k of the periodic part of the velocity pattern, since the quantity c appearing in equation (18) is a function of k.
Using the polytropic model of equation (15), equation (18) where ¿ = z/D. An asymptotic expansion for small £ shows that v 0 (Ç) is of the form :
where u 0 and ß are two free parameters which represent the boundary conditions at z = 0. Note, that -u 0 corresponds to the fluid velocity at the solar surface (in units of 2QD). The second parameter, ß, is related to the value of the potential vorticity near the solar surface; using equation (20), we find that (co -2Q)/p approaches the value 5ßQ./p 0 for z-»0. The velocity gradient for small z is given by dv 0 /dz = 2Q, which implies that in the upper layers of the convective zone the angular momentum, a 2 Q(a), is constant with depth [here a represents the distance to the rotation axis, and Q(a) is the angular velocity]. Equation (19) for v 0 (z) is solved numerically, starting at a point close to z = 0 with the help of expression (20). The results are plotted in Figure 4 , which shows five possible velocity profiles v 0 (z\ obtained with different combinations of the parameters u 0 and ß (for a wavenumber kD = 5 of the periodic component of the flow). Note that the velocity gradient for small z is always given by dv 0 /dz = 2£1 The profiles have in general an oscillatory behaviour in the deeper layers, but there exists a specific combination of u 0 and ß for which the amplitude of the oscillation is minimized (cf. curve a). The dashed line in Figure 4 represents the rotation speed of the velocity pattern. Note that, for all five models, the velocity pattern A physical explanation for the screening effect shown in Figures 2b and 3 must be sought in the fact that the potential vorticity, (co -2Q)/p, is a constant of motion. Since the density decreases rapidly with height, fluid moving into the upper regions of the convective zone looses its vorticity relative to the inertial frame, (co -2Q) -► 0. This has two effects on the velocity field of the upper, low-density layers: (1) the vorticity amplitude co 0 (z), associated with the periodic component of the flow pattern, vanishes, making the flow nearly potential; and (2) the vorticity (dvjdz -2Q) associated with the shear flow in the inertial frame also vanishes, so that the velocity gradient dv 0 ldz approaches the value 2Q. Potential flows with a sinusoidal x-dependence have an exponential z-dependence, with a vertical scale height given by l//c (evanescent behavior). For large kD, the velocity scale height is small compared with the thickness of the low-density layer, making it difficult for the " convective " motions to penetrate to the solar surface.
The present results may be compared with the work of Glatzmaier and Gilman (19816) . These authors also consider motions in a stratified, adiabatic layer, but in contrast with the present work they assume rigid rotation [v 0 (z) = constant] and consider only the linear development of the modes. The flows are found to be strongly concentrated toward the top of the convecting layer, and the horizontal velocities in the deep layers are very small. This result can be traced to the fact that the solutions of Glatzmaier and Gilman are evanescent in the deep layers, whereas our solutions are evanescent near the top of the convection zone. To understand the reason for this difference, we note that in the case of rigid rotation the potential vorticity, (co -20,)/p, diverges towards the top of the convecting layer (since p -> 0). Since the potential vorticity is a constant of motion, small vertical displacements of fluid in the upper layers cause large perturbations in vorticity, which dominate the velocity structure of the cells. This effect does not occur in the present model because the upper layers are allowed to rotate differentially, and the potential vorticity approaches a finite value for z -> 0.
To summarize, we find solutions that represent periodic patterns of stationary vortices superposed on a horizontal shear flow. If the layer has a strong density stratification, the horizontal flow in patterns with wavenumbers kD > 6 is strongly screened off from the top boundary, i.e., velocity patterns with wavelength less than the depth D of the layer show up at the surface with greatly reduced amplitude. Since our vorticity modes resemble convection cells, we suggest that giant cells in the Sun may be similarly screened off. Assuming typical velocities in the deep layers of order 100 ms -1 (Gilman 1983; Glatzmaier 1984) , the upper limit of 10 m s" 1 derived from the Doppler observations implies that the response function R u <0.1. According to Figure 3 , this requires that the typical longitudinal wavenumber kD > 7, i.e., the wavelength 2 of the giant-cell pattern is less than 180 Mm (assuming D = 200 Mm). The observations of Snodgrass and Howard (1984) put an even more stringent limit on the velocities of giant cells (2 ms" 1 ); this limit would require giant cells to be smaller than about 140 Mm.
IV. CONVECTIVE INSTABILITY IN A DIFFERENTIALLY
ROTATING LAYER The stationary solutions described above apply only to a purely adiabatic layer and do not represent energy transporting eddies. To determine whether the screening effect also occurs in a convectively unstable medium, we will now consider the effect of a radial entropy gradient (i.e., a superadiabatic temperature gradient) on the velocity structure of the cells. In the presence of an entropy gradient the cells are buoyantly driven, and the velocity field can no longer be stationary; a convective instability develops. We will consider here only the linear development of this instability, assuming the entropy gradient is constant with depth.
The growth rate and velocity structure of linear unstable modes depend on the profile of the shear flow, v 0 (z), that is present in the initial state. Whereas previous studies considered convective instabilities in a rigidly rotating layer (e.g., Glatzmaier and Gilman 1981a), we consider the case in which v 0 (z) varies with depth (differential rotation). In particular we consider velocity profiles v 0 (z) which are solutions of equation (18). The rationale for this choice is as follows. Provided a steady flow of energy is maintained, the system will eventually evolve toward a turbulent, statistically stationary state, in which a constant amount of energy is transported per unit time. In this steady state, nonlinear interactions between convection and rotation set up a shear flow v 0 (z) such that there is no net transfer of kinetic energy between the convection and the differential rotation. Therefore, if we want to study the growth of convective modes in the steady state, we must assume an appropriate velocity profile v 0 (z). Of course, the velocity profile present in the steady state can only be determined with nonlinear convection models. We suggest, however, that the solutions to equation (18), which refers to the adiabatic case, provide a good approximation of the velocity profile if the mean entropy gradient in the steady state is sufficiently small (how small will be specified later). The reason is that the solutions of equation (18) where i = 1, 2, and where f^z) and f 2 (z) are two functions representing the cosine and sine components of the stream function, respectively. Inserting equations (22a), (22b), (23a), and (23b) in the linearized form of equation (21), we obtain for the entropy fluctuation :
and inserting equations (18), (22), (23), and (24) into the vorticity equation (5), we find a set of coupled equations for/^z) and/ 2 (z):
ear interactions between convection and rotation may be expected to produce a shear flow profile p 0 (z) similar to that of the adiabatic case. Unfortunately, as we have seen above, equation (18) does not have a unique solution. Therefore we have chosen to select those combinations of u 0 and ß for which the variations of v 0 (z) in the lower part of the convecting layer (0.7 < z/D < 1) are minimized. Curve a in Figure 4 shows such a minimumvariance profile for kD = 5; minimum-variance profiles for other wavenumbers are shown in Figure 5 . The sensitivity of our results to changes in u 0 and ß will be discussed at the end of this section.
Consider, then, an initial state in which the entropy 5 is a function of depth only: S = S 0 (z). We assume that the motion of the gas is adiabatic :
The velocity field consists of a superposition of a stationary shear flow and a periodic velocity pattern :
v z (x, z, t) = e yt [u zl sin k(x -wt) -u z2 cos k(x -wt)] , (22b) where k is the wavenumber of the periodic pattern, y is the linear growth, and w is the propagation speed of the velocity pattern relative to the reference frame [since we will adopt v 0 (z) from the adiabatic case, the propagation speed w is measured relative to the propagation speed of stationary modes in an adiabatic layer]. The functions u xl (z), u x2 (z), w zl (z), and u z2 (z) are velocity amplitudes; we include both cosine and sine components of the velocity pattern to allow for a possible variation of the phase of the pattern as function of depth. The continuity equation, V • (pv) = 0, allows us to write the amplitudes in the form:
where H(z) is the density scale height, and
Together with the boundary conditions /^O) = / 2 (0) = 0 and fi(D) =f 2 (D) = 0, equations (25a) and (25b) constitute an eigenvalue problem which determines the growth rate y and propagation velocity w. Equations (25a) and (25b) are integrated using a secondorder Runge-Kutta scheme. The integration is started at a point near z = 0, using the following asymptotic expansions for/i(z) and/ 2 (z):
i.e., we have chosen the boundary conditions in such a way that the phase of the velocity pattern, arctan f 2 /f u is zero at z = 0. The growth rate y and propagation speed w are determined iteratively from the requirement that f^z) and / 2 (z) should satisfy the boundary condition f^D) = f 2 (D) = 0. For simplicity the entropy gradient dSJdz is taken to be independent of depth z. Since the temperature gradient dT/dz is constant in a polytropic model, the quantity y 0 defined by equation (29) is also independent of depth.
Computations were performed for a range of wavenumbers and values of the ratio r = y 0 /(2Q\ which is a dimensionless measure of the entropy gradient. Figure 6a shows the normalized growth rate, y/y 0 , as function of wavenumber kD, for different values of the ratio r. Note that the curves of growth rate versus wavenumber do not have a well-defined peak. Rather, 834 VAN BALLEGOOIJEN Vol. 304 Fig. 6a the maximum growth rate occurs in the limit of large kD. This is due to the fact that we have neglected viscosity in our analysis. Viscosity would have a stabilizing effect on the highwavenumber modes, causing y to fall off toward large kD. Note also that for the fastest growing modes, y/y 0 ae 1, so that the parameter y 0 can also be interpreted as the maximum growth rate. Figure 6b shows the propagation velocity w/(2QD) of the unstable modes, relative to the propagation speed of stationary modes in the case of an adiabatic stratification [the propagation velocity relative to the fluid, w -v 0 (z), is of course a function of depth; cf. Fig. 5 ]. As expected, w vanishes in the limit of small entropy gradient (r -► 0), but note that w is small compared with v 0 (z) even when r is of order unity.
The velocity structure of linear modes with fcD = 11 is illustrated in Figures la-ld, which show the functions u zX (z\ u z2 (z\ u xl (z\ and u x2 (z), respectively. The profiles are plotted for different values of the entropy gradient [as measured by r = y 0 /(2Q)], and are normalized in such a way that max = 1, where u x max is defined as the maximum value of t u xi 2 ( z ) + u x2 2 {z)y 12 in the range 0 < z < D. The velocity profile for an adiabatic layer (r = 0) is given by the dotted line in Figures  la and 7c . Comparison of Figures la and lb shows that the ratio of u zl {z) and u z2 (z) varies with depth. This implies a variation with depth of the phase of the vertical-velocity pattern, i.e., the convection cells are inclined with respect to the vertical direction. The horizontal velocity profiles (Figs. 7c and Id) show a similar effect. The angle of inclination of the cells increases with increasing entropy gradient. The profiles of the total velocity amplitudes, defined by
shift towards smaller depth with increasing entropy gradient. This upward shift causes an increase of the velocity amplitude at the solar surface with increasing r (cf. Fig. 7c) . Apparently, the screening of the giant cells by the top layers of the convection zone becomes less effective as the entropy gradient increases.
The decreased effectiveness of screening is further illustrated by the dashed curves in Figure 3 , which give the surface response of linear unstable modes as function of wavenumber, for different values of the ratio r. The response function R u is defined by R u = w x i(0)/w x max . To obtain AE u < 0.1 with a nonzero value of the entropy gradient, the wavenumber kD must be even larger than the lower limit of /cD ae 7 suggested by the adiabatic model. For moderately high wavenumbers, kD = 8-10, the screening effect essentially disappears when the ratio r = y 0 /(^) becomes of order unity. Since y 0 i s approximately equal to the maximum growth rate, we conclude that screening occurs only if the maximum growth rate is small compared with 2Q, i.e., when the influence of solar rotation on the convective instability is strong.
Figures 3 and la-ld also illustrate the fact that the velocity structure of linear unstable modes approaches the structure of stationary nonlinear modes in an adiabatic layer, in the limit r->0. Therefore, when r 1, nonlinear interactions between convection and rotation in the turbulent regime may be expected to produce a velocity profile v 0 (z) which is similar to that of the adiabatic case. Hence the use of equation (18) is justified if the mean entropy gradient is such that r 1. In the next section the value of r appropriate for the Sun will be discussed.
The results discussed above are based on the minimumvariance v 0 (z) profiles of Figure 5 . We now consider the sensitivity of our results to changes in the parameters w 0 and ß, which determine the shear flow profile. For kD = 5, the instability analysis was repeated with the velocity profiles plotted in Figure 4 . Results for the normalized growth rate y/y 0 , propagation speed xv/(2QD), and response function R u are presented in Table 1 . The growth rate is rather insensitive to changes in u 0 and /?, and the variations in w are also small [only a few hundredths of 2QD, which is small compared to the variations in v 0 (zy]. However, the response function R u depends more sensitively on u 0 and ß; for small values of the entropy gradient, we find variations relative to the minimum-variance model of about 50%. We conclude that, to make accurate predictions of the surface response of giant cells, the shear flow profile v 0 (z) must be specified more precisely. This requires No. 2, 1986 sine component nonlinear models of the interaction between convection and rotation and is not possible with the linear model presented in this paper. Figure 3 , the response function R u depends rather sensitively on the parameter r, which is a measure of the entropy gradient dSJdz in the deep layers of the convection zone. To determine the value of dSJdz appropriate for the Sun, we must consider the nonlinear development of the modes and estimate how much energy is transported. For the dominant modes of convection the energy flux should be of the order of the total solar flux, since radiative energy transport is negligible, except close to the base of the convection zone.
V. CONVECTIVE ENERGY FLUX As shown in
In the linear regime, the energy flux of an unstable mode is given by:
F{z,t)= -(pv z TÔSy ,
where the average is taken over position in the horizontal plane. Inserting equations (22b), (23b) and (24), we obtain :
which increases exponentially with time. To estimate the energy flux in the nonlinear regime, we must determine the time t at which nonlinearities first become important. This 
We approximate the energy flux F(z) in the nonlinear regime by the flux of the linear mode at the time t when the maximum value of Ôz/H (as function of depth z) is equal to unity; this yields :
Using the poly tropic model (15), and assuming dS 0 /dz = constant, we obtain for the maximum value of the flux (as function of z) :
where p 0 is the density at the base of the convection zone, and where 0 is a dimensionless quantity defined by :
with { = z/D. In Figure 8 , the dimensionless flux </> is plotted against wavenumber kD, for four values of the ratio r = 7o/(2Q). We see that the convective flux mimics the behavior of the growth rate ( Fig. 6a) : for a given entropy gradient, the energy flux is largest for the high-wavenumber modes (kD > 8).
In the lower part of the solar convection zone, the convection must transport about 10 11 ergs cm' 2 s' 1 , which corresponds to about 3 x 10' 4 in our dimensionless units (assuming Q = 2.8 x 10' 6 s' 1 , D = 200 Mm, and p 0 = 0.23 g cm' 3 ; cf. Spruit 1974). Assuming, for example, that the energy is transported by convective modes with kD = 10, interpolation between the curves in Figure 8 shows that a value r = 0.15 would be required. This implies a growth rate y = 0.24Q. = 6.7 x 10' 7 s' 1 (cf. Fig. 6a ), i.e., an exponential growth time of about 17 days. In the nonlinear regime, the typical convective velocity is of order y FI, which is about 60 m s' 1 . The velocity amplitude at the solar surface is much smaller: according to Figure 3 , R u = 0.03, so the surface velocities are of order 2 m s ' 1 .
VI. DISCUSSION According to the present model, the most unstable modes of giant-cell convection are modes with wavenumber kD > 8, i.e., with wavelengths less than about 150 Mm; these are also the modes that are shielded off most effectively. One should keep in mind, however, that a number of simplifying assumptions have been made. For example, latitudinal effects were neglected, a certain profile of the radial differential rotation was assumed, and the entropy gradient dS 0 /dz was taken constant with depth. The latter assumption may have caused an overestimate of the screening effect, since in the real Sun the superadiabatic gradient increases with height in the convection zone. An increase of dS 0 /dz with height would probably enhance the velocity amplitude of the giant cells in the top layers of the convection zone relative to the deeper layers, causing the response function R u to be larger than in the case of constant dS 0 /dz. How strong this effect will be is unclear, since one should compare cases with the same convective energy flux. This is an important issue for further study.
How do the present results compare with more sophisticated, nonlinear convection models? Glatzmaier (1984) presents results obtained with an anelastic model of stellar convection and magnetic field generation. A spherical shell with a thickness of 260 Mm is considered, of which the outer 160 Mm is convectively unstable. Glatzmaier's model predicts kinetic energy spectra and entropy variance spectra that have a peak at azimuthal wavenumber m = 15; using D = 160 Mm, this corresponds to a dimensionless wavenumber kD = 3.5. It follows that the typical wavelength of the convection (about 290 Mm) is larger than the convection zone depth, and, consistent with the results of the present paper, no evidence for screening was found.
However, one should keep in mind that the numerical model has a limited spatial resolution (spherical harmonics up to No. 2, 1986 / = 31 were considered). The turbulent diffusion constants that were assumed (typically 6 x 10 12 cm 2 s -1 in the center of the zone) may be too large to give a realistic simulation of the dynamics of giant cells. With smaller viscous and thermal diffusion, the stabilizing effect on the high-wavenumber modes will be reduced, causing the peak of the kinetic energy spectrum to shift to a higher wavenumber. The calculations presented in our Figure 6a suggest that such a wavenumber shift may be significant, since the plateau of maximum growth rate is not reached until kD = 8 or 10, about twice the value found by Glatzmaier (1984) . Since the response function R u is such a strongly decreasing function of wavenumber (cf. Fig. 3) , reducing the viscous and thermal diffusivities in the numerical simulations may have a strong effect on the degree of shielding of giant cells.
Using our estimate of the growth rate y, we can determine which values of the turbulent diffusivities to use in a numerical simulation, in order for the dominant convective modes to reach the plateau of the growth-rate curve. For a mode with wavenumber k, viscosity effects would decrease the linear growth rate by an amount of order vk 2 . Requiring this reduction to be small, vk 2 < O.ly, and assuming kD = 10 and y = 6.7 x 10 -7 s -1 (cf. § V), we find v <2.1 x 10 11 cm 2 s -1 . This is about a factor of 20 smaller than the value assumed by Glatzmaier (1984) .
In conclusion, we suggest that the giant cells in the Sun have a typical longitudinal wavelength of 100-150 Mm, and that the cells are virtually unobservable at the solar surface as a result of shielding by the upper layers of the convection zone. To test this hypothesis further, it will be necessary to perform numerical simulations with substantially reduced turbulent diffusion constants (about 3 x 10 11 cm 2 s -1 ).
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